This study was undertaken to compare new bone formation between non-expired and expired bovine-derived xenogeneic bone substitute (expired, out-of-use period) and to evaluate the efficacy of argon (Ar)-based atmospheric pressure plasma (APP) treatment on expired bone substitute in rat calvarial defect. The groups were divided into (1) Non/Expired group (Using regular xenografts), (2) Expired group (Using expired xenografts), and (3) Ar/Expired group (Using Ar-based APP treated expired xenografts). Surface observation and cell experiments were performed in vitro. Twelve rats were used for in vivo experiment and the bony defects were created on the middle of the cranium. The bone substitute of each group was implanted into the defective site. After 4 weeks, all the rats were sacrificed, and the volumetric, histologic, and histometric analyses were performed. In the results of osteogenic differentiation and mineralization, Non/Expired and Ar/Expired groups were significantly higher than Expired group (p < 0.05). However, there was no significant difference between groups in the animal study (p > 0.05). Within the limitations of this study, the surface treatment of Ar-based APP has a potential effect on the surface modification of bone grafts. However, there was no significant difference in bone regeneration ability between groups in vivo; thus, studies on APP to enhance bone regeneration should be carried out in the future.
Introduction
In the dental field, various bone substitutes such as autograft, allograft, and xenograft materials have been studied to enhance the cell response and bone formation [1] [2] [3] . Among them, xenogeneic bone substitutes harvested from other species are biocompatible and have a similar elastic modulus to that of human alveolar bone, so they have been most frequently used in clinical application [4] .
Bio-Oss ® (Geistlich Biomaterials, Wolhusen, Switzerland), a well-known commercially available xenograft is an inorganic, chemically-treated bovine bone mineral and has similar chemical compositions, morphologies, and ultrastructure to human spongiosa [5] . It has also been reported that Bio-Oss ® is a biocompatible, osteoinductive, and osteoconductive material and can sufficiently act as a scaffold for bone-forming cells and bone formation [6] [7] [8] [9] .
Shelf life, a usage period of materials, is directly related to the quality and safety of biomedical products due to material not being able to retain its physical and mechanical properties after expiration [10, 11] . Some research has reported on the surfaces of aged medical products that were newly activated by photofunctionalization, and applying this ultraviolet treatment to dental implant surfaces can also enhance the osseointegration and bone growth [12, 13] . In addition, since ultraviolet treatment can change the hydrophobic surface to hydrophilic, lots of osteoblastic cells adhere to ultraviolet treated implants [12, 14, 15] .
Another typical way to make the hydrophilic surface is plasma treatment, which can enhance the surface energy of implant biomaterial [16, 17] . Atmospheric pressure plasma (APP), an ionized gas, has been applied to medical and dental fields such as whitening, hemorrhage, wound healing, sterilization, and cancer treatments [18] [19] [20] [21] . In addition, APP have often been used to modify the surface of biomaterials [22] , and a number of studies have examined the APP surface treatment of titanium implants [18, 23, 24] , zirconia ceramics [25, 26] , and bone graft materials in dentistry [1, 27] . Bone grafts are usually used to treat dental skeletal problems such as alveolar bone defect [1] , and there is a report that bone graft materials treated by APP using argon gas interact strongly and rapidly with osteoblastic cells [27] .
Various inert gasses (e.g., argon, helium, oxygen, and ammonia) were used in APP treatments [28] . Argon (Ar) gas was frequently used to generate plasma, especially in use of surface modification, because of its cost-effective and stable properties, and it can generate the plasma at relatively low energy while retaining the useful characteristics of biomaterial [29] . Giro et al. [30] treated Ar-based APP on the surface of a Ca-P coated implant and evaluated this in a beagle canine model. The higher wettability and closer interaction between the implant threads and connective tissue matrix were observed in comparison with control (Ca-P alone), which resulted in improved new bone rate. Furthermore, several researches on Ar plasma treated bone graft materials, such as xenograft and synthetic bone, reported a good cell response in vitro [1, 31] .
Through the previous studies, we are satisfied that the Ar-based APP treatment can enhance the surface energy of bovine bone mineral. However, there are few studies on the safety of aged bone substitute (expired, out-of-use period) and reactivating it with surface energy enhancement. The purpose of this study was to compare the new bone formation between the non-expired and expired xenografts, and to evaluate the efficacy of Ar-based APP surface treatment on expired bone graft substitute in rat calvarial defect. The null hypotheses of this study were as follows. First, the aged bone graft material has a similar bone regeneration effect to that of the newly produced bone graft material. Second, the APP treatment on the surface aged bone grafts will not be effective in bone regeneration.
Materials and Methods

Bone Graft Materials Treated with Atmospheric Pressure Plasma (APP)
Bio-Oss ® (Geistlich Biomaterials, Wolhusen, Switzerland), a commercially available and deproteinized bovine bone mineral, was used in this study. Non-expired (regular) Bio-Oss ® and expired Bio-Oss ® were used in Non/Expired and Expired groups, respectively. Expired Bio-Oss ® was 2 years passed its validity period. To evaluate the efficiency of APP on expired bone grafts, expired Bio-Oss ® treated by atmospheric pressure plasma using argon (Ar) gas (Ar/Expired group). APP was generated through ionization of Ar gas at atmospheric pressure using FG-Explorer (Feagle co., Yangsan, Korea) (system power: 3 kVpp). Ar gas flow was set to 5.0 slm (standard liter per minutes) and the flow rate was controlled by a mass flow controller (MFC). Plasma treatment was performed for 2 min.
In Vitro Study
Scanning Electron Microscopy (SEM)
Scanning electron microscopy (SEM) was conducted to observe the effects of APP on the surface morphologies of bone graft materials. The specimens were coated with Au using a sputter coater (SCD 005, BAL-TEC, Wetzlar, Germany), and observed using SEM (Zeiss SUPRA 25, Carl Zeiss SMT, Oberkochen, Germany) at an acceleration voltage of 5.0 kV.
Cell Culture
Human mesenchymal stem cells (hMSCs; LONZA, Walkersville, MD, USA) were cultured in MSCs growth medium (MSCGM; LONZA) for expansion and examination of proliferation for in vitro study. The medium was changed every 3 to 4 days until reaching 70% confluence, and finally the sub-cultured cells at passage number 4 were used for all the experiments. For the differentiation of hMSCs into osteoblasts, the cells were induced by osteogenic medium containing ascorbic acid-2-phosphate (Sigma-Aldrich, Milan, Italy), 10mM β-glycerophosphate (Sigma-Aldrich) and 100 nM dexamethasone(Sigma-Aldrich) in an alpha-modification of Eagle's medium (α-MEM; Welgene Inc., Deagu, Korea) supplemented with 10% fetal bovine serum (FBS; Gibco BRL, Carlsbad, CA, USA), 100 U/mL penicillin, and 100 μg/mL streptomycin (Gibco BRL).
Cell Proliferation
Cell proliferation of hMSCs was investigated by using a 3-[4-dimethylthiazol-2-yl]-2,5-diphenyl tetrazolium bromide (MTT; Sigma-Aldrich) assay. The extracts of each group were prepared prior to the cell proliferation assay. In total, 2 g of three different samples (Non-expired (regular) Bio-Oss ® , expired Bio-Oss ® and expired Bio-Oss ® treated with plasma of argon (Ar) gas) were soaked in 10 ml serum-free α-MEM and incubation in 5% CO2 at 37 °C for 24 h. After the mixture was centrifuged (1200 ×g) for 5 min, the supernatant was stored at 4 °C. The cells (5 × 10 3 cells/well) were then seeded in triplicate in four different 48-well culture plates (Nunc, Roskilde, Denmark) and cultured in the previously prepared extracts diluted in α-MEM (20%). The cells were incubated for 0, 1, 2, 3 days, and the extracts were replaced with serum-free medium containing 30 μL/well of MTT solution (0.5 mg/mL MTT in PBS). After 3 h of incubation, the culture medium was removed and 300 μL/well of dimethyl sulfoxide (DMSO; DuchefaBiochemie, Haarlem, The Netherlands) was added. Two 100 μL/well aliquots were transferred to a 96-well plates (Nunc) and the absorbance rates were determined at 570 nm wave lengths with an Opsys MR microplate reader (DYNEXTechnologies Inc., Denkendorf, Germany).
Alkaline Phosphatase (ALP) and Alizarin Red S (ARS) Staining
ALP and ARS staining were performed to evaluate the osteogenic differentiation of hMSCs. The cells (5 x 10 3 cells/well) were seeded in the 48-well plates in triplicate and cultured for 4 and 8 days in the osteogenic media containing the previously prepared extracts (20%). At day 4, the early stage of osteogenic differentiation was analyzed by ALP staining kit (Sigma-Aldrich) according to the manufacturer's instructions. At day 8, the late stage of osteogenic differentiation was determined by ARS staining. For the ARS staining, the cells were fixed with 3.7% formaldehyde for 15 min and stained with 2% ARS solution (Sigma-Aldrich) for 30 min with gentle agitation. The stained cells were visualized with light microscope and the quantification of the staining images were done by using ImageJ software program (U. S. National Institutes of Health, Bethesda, MD, USA).
Analysis of Real-time Polymerase Chain Reaction (PCR)
The expression of osteogenic genes in hMSCs was examined by real-time polymerase chain reaction (PCR) analysis. The cells (5 × 10 3 cells/well) were seeded in 6-well plates and cultured in osteogenic media containing the sample extracts (20%) for 4 and 8 days. Total RNAs were extracted from the cells by TRIzol (Life Technologies, Grand Island, NY, USA) and the RNA concentration was confirmed using a NanoDrop ND-1000 spectrophotometer (Technologies Inc., Wilmington, DE, USA). Complementary DNA (cDNA) was synthesized using 1 g of total RNA. Real-time PCR was performed on ABI 7500 instrument (Applied Biosystems, Carlsbad, CA, USA) according to the manufacturer's protocol, and SYBR Green Master Mix reagents (Kapa Biosystems, Woburn, MA, USA) were used in each reaction. The relative mRNA expression levels of each following genes were normalized to the house keeping gene Actin. The primers were produced by Bionics (Daejeon, Korea) and the selected sequences are listed as follows (Table 1) . 
Target Genes Sequences
Actin
In Vivo Study
Experimental Animals
Twelve 12-13-week-old male Sprague-Dawley rats (250-300 g) were used in this study. Animals were housed in plastic cages (3 rats per cage) and given rodent diet and water. The surgical procedure was performed in accordance with the guidelines issued by the Pusan National University Institutional Animal Care and Use Committee (PNU-2018-1977).
Surgical Procedures
The surgical site was incised (15 mm in length), and the skin and periosteum were dissected to expose the calvarial bone. A circular defect (8 mm in diameter) was formed in the center of each parietal bone using a trephine bur (3i Implant Innovations Inc., Palm Beach Garden, FL, USA) under saline irrigation (Figure 1a ). Bone grafts of each group were placed into the calvarial defect using a micro spoon (Karl Hammacher GmbH Co., Cologne, Germany) ( Figure 1b) , and then the defect site was covered with a collagen membrane (GCM2030, GENOSS, Suwon, Korea) (Figure 1c ). At 4 weeks after surgery, all the rats were sacrificed, and samples of rat cranium were harvested. The obtained specimens were fixed for 2 weeks in neutral buffered formalin solution for volumetric and histomorphometric analyses. 
Micro-Computed Tomographic (micro-CT) Analysis
Micro-CT (SMX-90CT; Shimadzu, Kyoto, Japan) was used to measure the new bone volume under the following conditions; 90 kV, intensity of 109 μA, and a pixel spacing of 51 μm. The threedimensional micro-CT files were converted to visualized two-dimensional images by a customizedcorded-computer program using MATLAB software (MATLAB 2019a, MathWorks, Natick, MA, USA), and the new bone volumes of each calvaria were assessed. The region of interest (ROI) was set equal to a calvaria defect with a diameter of 8 mm and height of 1.5 mm (Figure 2 ). 
Statistical Analysis
All the results were represented as mean ± standard deviation (SD). The statistical analyses were performed using SPSS ver. 25.0 (SPSS, Chicago, IL, USA). The in vitro and in vivo results were analyzed by Kruskal-Wallis test followed by Mann-Whitney U post-hoc test. The statistical significance was accepted for p values of < 0.05.
Results
In Vitro Study
Observation of Surface Morphology
The SEM micrographs at low (×80) and high (×8000) magnifications showed no difference in similar physical surface morphology in all groups (Figure 4 ). All the groups exhibit the porous micro rough surface with irregular surface patterns (Figure 4b,d,f ). 
Cell Proliferation
Proliferation rate of hMSCs cultured in different sample extracts was evaluated using an MTT assay. The assay was analyzed spectrophotometrically at 0, 1, 2, and 3 days after cell seeding ( Figure 5 ). The results reveal the effects of the different extracts on the proliferation of hMSCs at different time points. The cells cultured in the extracts of each group were steadily proliferated from day 0 to day 3. There was no significant difference in cell proliferation rate between groups (p > 0.05). 
Alkaline Phosphatase (ALP) and Alizarin Red S (ARS) Staining
The ALP and ARS staining was used to analyze the effect of the extracts from different samples on the osteogenic differentiation of hMSCs. The hMSCs were cultured in three different types of extracts for 4 and 8 days (Figure 6a ). Upon examination of hMSCs cultured for 4 days, ALP activity increased in the Ar/Expired group compared to the other groups (Figure 6b ). At day 8, ARS staining results also confirmed Ar/Expired group showed increase in differentiation compared to the other groups (Figure 6c ). In both ALP and ARS staining results, there were statically significant differences between the Non/Expired group and Expired group, and Expired group and Ar/Expired group. 
Analysis of Real-time Polymerase Chain Reaction (PCR)
The effects of three groups on the osteogenic differentiation of hMSCs were assessed by using real-time PCR analysis. After 4 days of culture, osteogenic transcription factors (Runx2) and osteogenic markers (ALP, OCN) were up regulated in the cells grown in the extracts of Ar/Expired group compared to the cells cultured in the Non/Expired group and Expired group (Figure 7a,b,c) . On day 8, the osteogenic transcription factor (BMP2) and osteogenic marker (OPN) was up regulated in the cells grown in the Ar/Expired group than the Non/Expired group and Expired group (Figure  7d,e ). Through the results of PCR analysis, treating with Ar-based APP was shown to have an effect on increasing osteogenesis of hMSCs. However, since the expression of RNA decreases faster than that of protein after its translational work is done, there were no statistically significant differences among the three groups at day 4 and 8. 
In Vivo Study
Volumetric Findings
The volumetric results analyzed using micro-CT were summarized in Table 2 and Figure 8 . The micro-CT images showed that bone graft materials were well positioned in the calvarial defects. The new bone volume (%) of the Non/Expired group, Expired group, and Ar/Expired group were 17.48 (± 6.22), 14.83 (± 3.74), and 23.05 (± 6.21), respectively. There were no significant differences between groups (p > 0.05). 
Histologic and Histometric Findings
In all the histological specimens, the bone graft materials were well positioned in the defective site (Figures 9 and 10) . At 4 weeks after surgery, the early phase of new bone formation was observed around the bone graft materials in calvarial defects in the all groups, but most of the new bone tissues were immature. The bone marrows and connective tissues were filled the defect and detected around the residual bone grafts. More new bones were observed in the Ar/Expired group than in the other experimental groups.
The histometric results of the new bone area percentage were shown in Table 3 . The new bone volume (%) of the Non/Expired group, Expired group, and Ar/Expired group were 12.71 (± 4.99), 13.22 (± 5.76), and 13.77 (± 10.62), respectively. There were no significant differences between groups (p > 0.05). 
Discussion
Bone graft materials have been used to reconstruct a bone defect, and act as a scaffold for new bone formation [32] . The shelf time of a medical product is the length of time that the material retains its properties [11] . Biomaterials have a direct effect on human health, so clinicians should observe the expiry date for the safety and best quality. According to the previous study, it was reported that the hydrophobic state of implant biomaterial resulting from the "aging effect" can change to the hydrophilic surface through the ultraviolet (UV) light treatment of aged implants [12, 13] . Recently, a number of studies reported that atmospheric pressure plasma (APP) surface treatment can turn a surface hydrophilic and even enhance biocompatibility and cell responses [1, 16, 17, 33, 34] . Thus, we expected that the APP treatment can modify the surface of bone graft material by improving surface energy and assumed that such surface treatment can reactivate the expired bone graft material.
The APP is activated by energy from continuous collisions between the molecule of operated gas and electron, and the gas molecules are consequently ionized [35] . This ionized gas adheres to the substrate surface, and this surface modification method induces a chemical and physical response on the substrate surface without inordinate change [35] [36] [37] . However, in the SEM analyses of the previous study, there was no remarkable surface difference caused by a physical response between non-treated and Ar-based APP treated bone graft materials [1, 27] . Plasma-treated biomaterials in several previous studies exhibited more chemical surface changes than physical changes [24, 35] . Choy et al. [1] demonstrated that plasma treatment changes the chemical properties of bone grafts by reducing C species and increasing Ca and P species. Similarly, in the results of our surface observation using SEM, the surface morphologies of the Non/Expired and Ar/Expired groups did not show any difference. Moreover, it seems that even if bovine xenografts have passed the 2-year expiration date, the surface changes were not observed in comparison with regular bone grafts.
The hMSC that we used in this research is pluripotent and shows the capability of differentiation into mesenchymal lineages, including vascular smooth muscle (VSMC), dermis, and the skeletal system. hMSC is the most widely used stem cells in many preclinical studies and it is commonly used as an osteo-progenitor cells in osteogenesis studies [38, 39] . Numerous studies have demonstrated that physicochemical properties of bioactive materials can control the activities of cells, such as adhesion, proliferation as well as differentiation. Previous investigations have shown that the plasma treatment on the surface of biomaterials enhanced osteogenic differentiation compared to other surfaces [40] [41] [42] [43] . In this study, the cells cultured with three different types of Bio-Oss particles showed no significant effect on their proliferation rate. However, the cells of the Ar/Expired group were enhanced in their osteogenic differentiation and mineralization in the results of ALP and ARS staining. Furthermore, subsequent investigation of the expression level of osteogenic marker genes including ALP, OCN, OPN, Runx2, and BMP2 showed that Ar-plasma facilitated as a potential inducer in osteogenesis of hMSCs. These results suggest that Ar-plasma treatment on Bio-Oss particles could be a promising surface energy and accelerated the initial cellular interaction [27, 36] . APP treatment of bone grafts may able to promote the osteogenic differentiation of MSCs, leading to the potential development of bone graft substitutes.
To assess the new bone formation in rat calvarial defect, the micro CT and histomorphometric analyses were done in this in vivo study. Through the result of our cell study, which showed good osteogenic differentiation of hMSCs in the APP treated group, we predicted that Ar-based APP treatment of bone graft materials may increase the new bone formation. However, in our volumetric results, there was no significant difference among the groups. Besides, in the measurement of new bone area, the statistical difference was not found among the groups. Several previous studies reported that the new bone regeneration of implants surface modified by APP was higher than that of non-APP treated implants [24, 44] . On the other hand, similarly to the present study, Beutel et al. [27] reported that the APP treatment of bone graft materials did not increase the new bone formation. Through the conflicting results, it seems that there might be no appreciable difference in vivo even if plasma surface modification was performed on biomaterials already having high surface energy [24, 27, 44] . The results of this in vivo study exhibited that there is no difference in the new bone formation ability between the non-expired and expired bone graft materials. After the expiration date, the object is normally considered damaged. When a damaged substance enters the body, chemicals, bacteria, are formed, and a biological defense mechanism called inflammation is formed to prevent this [45] . However, in this histologic observation, inflammatory responses (e.g., erythema, edema, and pus) were not detected in any of the rats treated with expired xenografts at 4 weeks after surgery. It could be considered that the 2-year after expiration date did not affect the new bone regeneration ability.
In the present paper, we compared the bone formation capacity of Bio-Oss ® with non-expired, expired, and expired grafts treated by Ar-based APP. We could demonstrate that treatment of Arbased APP on Bio-Oss ® gives positive effects on increasing osteogenesis of hMSCs. However, the result of this in vivo study, Bio-Oss ® treated by Ar-based APP, did not show higher bone formation ability compared to other groups. Therefore, further studies on finding optimal APP conditions should be carried out constantly. Then we can also conclude that there was no significant difference between expired one and non-expired bone grafts. It seemed that 2-year expiry date did not affect new bone regeneration ability. The reason for using the expired bone grafts that were out of date in this study was just to confirm the APP effect in various conditions of bone grafts. Therefore, above all, the expiration date of bone graft substitutes must be observed in the clinic for ethical and safety issues.
Conclusion
Within the limitation of this study, treatment of Ar-based APP in bovine xenografts seems to offer the potential to have a better effect on osteogenic cell function. However, our in vivo study showed that the bone regeneration ability of Ar-based APP treated bone grafts was not significantly advanced compared to that of the non-treated group. Even if the study showed that there was no significant difference between the Non/Expired and Expired group, bone grafts that are past their expiration date should not be used for safety and ethical issues.
